Facts
=====

Autophagy, an evolutionarily conserved lysosomal degradation process, is well-suited to have the role of the Roman God Janus in sealing the fate of cancer cells: survival or death.Autophagy has either a pro-survival (oncogenic) or pro-death (tumor suppressive) role at different cancer stages, including cancer stem cell (CSC), initiation and progression, invasion and metastasis, and dormancy.Autophagy may modulate a series of oncogenic and tumor suppressive pathways in cancer, implicated in microRNA (miRNA) involvement.Targeting the oncogenic and tumor suppressive autophagic network would be a new promising therapeutic strategy.

Open Questions
==============

Why does autophagy have either pro-survival (oncogenic) or pro-death (tumor suppressive) role at specific cancer stage, including CSC, initiation and progression, invasion and metastasis and dormancy?How does autophagy modulate a series of oncogenic and/or tumor suppressive signaling pathways, implicated in miRNA involvement?Whether would targeting the oncogenic and tumor suppressive autophagic network be a novel cancer therapeutic strategy?

Autophagy, a term from the Greek words 'auto\' (self) and 'phagy\' (to eat), is an evolutionarily conserved, multistep lysosomal degradation process for the clearance of damaged or superfluous proteins and organelles.^[@bib1]^ Macroautophagy (autophagy) is a pivotal mechanism for catabolic regulation that involves delivering the cytoplasmic cargo sequestered inside double-membrane vesicles to the lysosome and is highly regulated by a limited number of autophagy-related (ATG) genes.^[@bib2]^

The complete autophagic flow is a highly regulated process that can generally be divided into the following five stages: induction, vesicle nucleation, vesicle elongation and completion, docking and fusion, and degradation and recycling.^[@bib3]^ Induction of autophagy is initiated by the ULK complex, which contains the mammalian ATG1 homologs ULK1 or ULK2, ATG13, focal adhesion kinase family interacting protein of 200 kDa (FIP200) and ATG101 ([Figure 1a](#fig1){ref-type="fig"}).^[@bib4]^ Then vesicle nucleation occurs, in which proteins and lipids are recruited for construction of the autophagosomal membrane. This process is initiated by activation of the class III PI3K/Beclin-1 complex.^[@bib5]^ Numerous binding partners of this complex function as either positive or negative regulators, including Bax-interacting factor-1 (Bif-1), ATG14L, UV irradiation resistance-associated gene (UVRAG), activating molecule in Beclin-1-regulated autophagy protein 1 (Ambra1), Rubicon and Bcl-2/Bcl-X~L~ ([Figure 1b](#fig1){ref-type="fig"}).^[@bib6]^ Ubiquitin-like protein conjugation is required for vesicle elongation and autophagosome completion, mediated by ATG3, ATG5, ATG7, LC3 and so on, to fully encapsulate the cytosolic cargo ([Figure 1c](#fig1){ref-type="fig"}).^[@bib7]^ Recruitment of cargo from the cytoplasm requires autophagy receptors such as p62. Finally, the process of docking and fusion is required for the disassembly of ATG protein complexes from matured autophagosomes, and regulated by ATG2, ATG9 and ATG18.^[@bib8]^ Fusion of an autophagosome with endolysosomal compartments leads to the breakdown of cargoes by acidic hydrolases, resulting in degradation and recycling ([Figure 1d](#fig1){ref-type="fig"}).

ATG family is delineated as physiological mechanisms of autophagy, with numerous links to cancer.^[@bib9]^ Autophagy can exert cytoprotective effects, as autophagy keeps cells alive during nutrient and growth factor deprivation conditions due to the ability of autophagy to recycle nutrients, maintain cellular energy homeostasis and degrade toxic cytoplasmic constituents.^[@bib10]^ The autophagy-mediated elimination of altered cytosolic constituents, including aggregated proteins or damaged organelles, can protect cells from further damage.^[@bib11]^ Conversely, if the cellular stress leads to continuous or excessively induced autophagy, cell death would ensue. Under this circumstance, autophagy has a death-promoting role as type II programmed cell death (type II PCD), compared with apoptosis (type I PCD).^[@bib12]^ On the basis of biochemical and functional considerations, the term autophagic cell death is used to indicate a death instance mediated by autophagy, suppressed by the inhibition of autophagy by chemicals and/or genetic means.^[@bib13]^ From a purely morphological perspective, autophagic cell death occurs in the absence of chromatin condensation but is accompanied by large-scale autophagic vacuolization of the cytoplasm, but the term autophagic cell death may be highly prone to misinterpretation and thus being used with caution.^[@bib14]^

However, these paradoxical studies are often confusing, depending on different cell types, autophagy seems to have either an oncogenic or tumor suppressive role for the regulation of core pathways, thereby sealing the distinctive fate of cancer cells.^[@bib15]^ Thus, this review summarizes the Janus role of autophagy at different cancer cell stages, oncogenic and tumor suppressive autophagic pathways involved in miRNAs, as well as relevant autophagy-modulated drugs in cancer therapy.

Autophagy and Cancer Cell
=========================

Autophagy in CSC
----------------

CSCs have the ability to self-renew as well as to cause heterogeneous lineages of cancer cells, and these tumor-forming cells can originate from the stem, progenitor or differentiated cells.^[@bib16]^ Autophagy has an essential role in the development of drug resistance, self-renewal, differentiation and tumorigenic potentials of CSCs. CD133+ liver CSCs (LCSCs) can be significantly enriched with higher autophagy levels after hypoxia and nutrient starvation (H/S) in hepatocellular carcinoma (HCC) Huh-7 cells; thereby autophagy may have an essential role in LCSC maintenance.^[@bib17]^ The conversion of microtubule-associated protein LC3-I to LC3-II as well as increased accumulations of ATG7 and Beclin-1 are observed in pancreatic CSCs treated with Rottlerin (ROT), a widely used protein kinase C-delta (PKC-*δ*) inhibitor. Additionally, the gene silencing of ATG7 and Beclin-1, or co-treatment of the autophagosome inhibitor, 3-methyladenine (3-MA), can inhibit ROT-induced autophagic cell death.^[@bib18]^ Moreover, breast cancer cells with low metastatic potentials can be induced into a reversible state of dormancy by farnesyl transferase inhibitors (FTIs), with expressions of ATG5, ATG12 and LC3B in these dormant stem cell-like breast cancer cells. The c-jun NH2 terminal kinase (JNK)-mediated autophagic pathway can also be upregulated in breast CSCs with the periods of FTI-induced dormancy.^[@bib19]^ Knockdown of damage-regulated autophagy modulator 1 (DRAM1) may decrease p62 localization to autophagosome and its autophagy-mediated degradation, suggesting a crucial role of DRAM1 in p62-mediated autophagy. The DRAM1 expression has been correlated with the activation of mitogen-activated protein kinases (MAPKs) and the mesenchymal marker c-MET in glioblastoma stem cells.^[@bib20]^ And, irradiation of CD133+ glioma stem cells (GSCs) can induce autophagy in a short time and then autophagy slightly decreases the viability of the cells. The gamma-radiation may also induce a large degree of autophagy in the CD133+ GSCs, and the CD133+ cells expresses higher levels of the ATG proteins such as ATG5, LC3 and ATG12 ([Figure 2a](#fig2){ref-type="fig"}).^[@bib21]^

Autophagy in cancer initiation and progression
----------------------------------------------

Cancer initiation is defined as 'a process in which normal cells are changed so that they are able to form cancers\', whereas cancer progression is characterized by increased growth speed and invasiveness of the tumor cells.^[@bib22]^ Multiple ATG members and their key regulators have been known to have crucial roles in the formation of the autophagosome and autophagic regulation, which are closely linked to cancer initiation and progression. The best known modulator of autophagy is mammalian target of rapamycin (mTOR), which forms two complexes, mTORC1 and mTORC2.^[@bib23]^ FIP200, as a component of ULK1/ATG1-mATG13-FIP200-ATG101, can regulate different intracellular signaling pathways by interacting with mTORC1 and p53. Unlike mTORC1, Forkhead box O protein (FoxO), a group of transcription factors that is required for autophagy, can be inhibited by the PI3KCI/Akt pathway, which may indicate the suppressive effect of FoxO in tumorigenesis.^[@bib24]^ In addition, BCR-ABL, which can cause over-activation of several intracellular signaling pathways causing hyper-proliferation and insensitivity to growth factor withdrawal, is another key oncogenic factor involved in mTORC1 regulation.^[@bib25]^ Besides, oncogenic Ras can induce autophagy, which is associated with Beclin-1/ATG6, whereas the co-expression of Bcl-2 family members can inhibit Beclin-1.^[@bib26]^ Ras-driven tumor cells have metabolic abnormalities that require high levels of autophagy for cell growth and survival. Beclin-1 can be overexpressed in breast cancer cells, thereby increasing autophagy and decreasing the growth of tumorigenicity, indicating that Beclin-1 may function as a tumor suppressor.^[@bib6]^ During the p53 response to DNA damage, several genes are transcriptionally activated, which include cell death genes involved in autophagy.^[@bib27]^ DRAM1 and the p53 upregulated modulator of apoptosis (PUMA) have been shown to be required for p53-induced autophagy. PUMA may target autophagy, whereas p53 is found to induce DRAM1-dependent autophagy in response to mitochondrial dysfunction ([Figure 2b](#fig2){ref-type="fig"}).^[@bib28]^

Autophagy in cancer invasion and metastasis
-------------------------------------------

Cancer invasion and metastasis can be promoted by proteins that stimulate tumor cell attachment to host cellular or extracellular matrix (ECM) determinants, tumor cell proteolysis of host barriers.^[@bib29]^ Reduced levels of oxygen and nutrients and malfunction of ECM and endoplasmic reticulum (ER) stress are critical parameters modulating the tumor microenvironment. Thus, abnormality in the tumor microenvironment can induce autophagy to aid the maintenance of cancer cell viability and promote cancer cell metastasis under these stressful conditions.^[@bib30]^ Moreover, autophagy can either promote or impede metastasis via complicated processes, and the initial step requires signals within the tumor microenvironment. Autophagy directly mediates tumor-associated inflammation by regulating immune-modulatory factors such as high-mobility group box protein1 (HMGB1), which is an extracellular signal in tumor metastasis.^[@bib31]^ HMGB1, as a novel Beclin-1-binding protein, has a key role in neutralizing and eliminating reactive reactive oxygen species (ROS) under oxidative stress, which can induce autophagy through promotion of ATG4C.^[@bib32]^ When released, HMGB1 may prevent metastasis, acting as an antitumor immune response. Statins can inhibit 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase. Activation of the AMP-activated protein kinase (AMPK)-mTOR signaling pathway may be a major mechanism of statin-induced autophagy, as epleting cellular geranylgeranyl diphosphate activates AMPK and inactivates mTOR, thereby leading to autophagic responses ([Figure 2c](#fig2){ref-type="fig"}).^[@bib33]^

Autophagy in cancer dormancy
----------------------------

Cancer dormancy is a poorly understood phase of cancer progression and only recently have its underlying molecular mechanisms started to be revealed.^[@bib34]^ With increasing scrutiny on how fundamental cellular stress-response pathways impact survival and expansion of dormant tumor cells, autophagy has emerged as an attractive target against dormant tumor cells. The aplasia Ras homolog member I (ARHI) is an imprinted tumor suppressor gene, which is associated with decreased progression-free survival. It has been demonstrated that re-expression of ARHI can inhibit cancer growth, initiate autophagy and induce tumor dormancy.^[@bib35]^ ARHI localizes with LC3 and is associated with an increased expression of ATG4C, indicating its regulatory role in autophagy by direct physical interaction. Additionally, ARHI-induced autophagy is well-suited to suppress intracellular PI3KCI signaling, and the expression of ARHI can lead to a marked inhibition of PI3KCI-Akt-mTORC1 and MAPK signaling. When the level of ARHI remains at normal autophagic activity, tumor dormancy is likely to occur, as removed tumors can recover their abilities that are consistent with the autophagic process.^[@bib36]^ The inhibition of ARHI-induced autophagy can dramatically reduce the regrowth of xenografted tumors upon the reduction of ARHI levels, suggesting that autophagy may contribute to the survival of dormant cells; therefore, ARHI can induce autophagic cell death as well as promoting tumor dormancy in the presence of factors that promote survival in the tumor microenvironment.^[@bib36]^ p27^Kip1^, a cyclin-dependent kinase inhibitor involved in G0/G1 cell cycle arrest, is identified as a downstream target of the LKB1-AMPK pathway, inducing autophagy and facilitating cell survival ([Figure 2d](#fig2){ref-type="fig"}).^[@bib37]^

Oncosuppressive Autophagic Pathways in Cancer
=============================================

Oncogenic function of autophagy
-------------------------------

Oncogenic autophagic pathways involving PI3KCI, Akt, mTORC1, Ras, BCR-ABL, STAT, Bcl-2 and Bcl-X~L~ can have their key roles in cancer cell survival.^[@bib38],\ [@bib39]^ Of note, mTORC1 is the major inhibitory signal that shuts off autophagy in the presence of growth factors and abundant nutrients.^[@bib40]^ PI3KCI/Akt signaling molecules can link receptor tyrosine kinases to mTORC1 activation, thereby repressing autophagy in response to insulin-like and other growth factor signals.^[@bib41]^ The known mTORC1 targets in autophagy are the autophagic regulator kinase ULK1 and its accessory protein ATG13, in which mTORC1-mediated phosphorylation causes suppression of autophagy.^[@bib42]^ In addition, Akt is a central node in a complex cascade of signaling with a feedback loop that influences the regulation of this kinase, whereas PI3KCI can antagonize autophagy through the activation of the Akt pathway.^[@bib43]^ Other antiapoptotic Bcl-2 subfamilies, such as Bcl-2 and Bcl-X~L~, can also mediate autophagic pathways in cancer. Bcl-2 can block the interaction between tumor suppressive Beclin-1 and PI3KCIII/Vps34; thereby, downregulating autophagic activity.^[@bib44]^ Although the precise mechanism of how Bcl-2 blocks Beclin-1 and PI3KCIII/Vps34 interaction remains unclear, the binding of Bcl-2 to Beclin-1 seems to be constitutive and its detachment from Beclin-1 is of great importance in autophagic induction. Moreover, oncogenic BCR-ABL can stimulate the transcription of mTORC1 via PI3KCI-Akt-FoxO signaling in chronic myeloid leukemia (CML).^[@bib45]^ Ras, another oncoprotein, can induce autophagic cell death in glioma and gastric cancer cells, and thus inducing autophagic death that may constitute another level of control against cancer formation.^[@bib46]^ In addition, hypoxic regions of tumors are protected from cytotoxic T-lymphocytes (CTL), dependent on the phosphorylation of STAT3 and autophagic degradation of p62 allows phospho-STAT3 to accumulate promoting resistance to CTL ([Figure 3](#fig3){ref-type="fig"}).^[@bib47]^

Tumor suppressive function of autophagy
---------------------------------------

Tumor suppressive autophagic pathways contain some key regulators, most notably Beclin-1, UVRAG, Bif-1, ATG5, p53 and FoxO1. Beclin-1 can positively regulate autophagy by combining with PI3KCIII/Vps34, and other positive and negative cofactors such as Vps15, ATG14L/Barkor, UVRAG, Bif-1, Rubicon, Ambra1, HMGB1, Survivin, Akt and Bcl-2/Bcl-X~L~ to form the Beclin-1 interactome.^[@bib48]^ Beclin-1 is mapped to a tumor susceptibility locus that is monoallelically deleted in a high percentage of human breast, ovarian and prostate cancers, and the ectopic Beclin-1 expression may reduce cancer cell proliferation *in vitro* and decrease tumorigenic potential *in vivo*, indicating a role for autophagy in tumor suppression.^[@bib49]^ In addition to Beclin-1, the genetic alteration of other cofactors has been found in various types of cancer. These include nonsense mutations in UVRAG in colon cancer cells and gastric carcinomas, as well as the downregulation of Bif-1, another positive regulator of autophagy in colon adenocarcinomas.^[@bib50]^ Intriguingly, some antiapoptotic Bcl-2 family members, such as Bcl-2 and Bcl-X~L~, contain four Bcl-2 homology domains and inhibit autophagy via interacting with Beclin-1. Bcl-2 can block Beclin-1 interaction with PI3KCIII, decrease PI3KCIII activity and downregulate autophagy through either the disassociation of Beclin-1/PI3KCIII or inhibition of Beclin-1 activity.^[@bib51]^ In addition, the deletion of ATG5, an essential autophagy gene, has been in natural killer cell malignancies. Importantly, programmed cell death protein 4 (PDCD4), a suppressor of gene transcription and translation, has a crucial inhibitory role in several types of human tumors, can inhibit the expression of an essential autophagy-related gene, ATG5 and the formation of an ATG12-ATG5 complex.^[@bib52]^ Moreover, p53, which interacts with some pro-apoptotic Bcl-2 subfamily members, has a controversial influence on autophagy, depending on its different subcellular localizations. In the nucleus, p53 abets autophagy mainly through interacting with its targets, DRAM and sestrin 1/2. DRAM, a p53 target gene which can encode a lysosomal protein that induces autophagy, is found to be an effector of p53-mediated cell death, as it illustrates the direct link between p53 and autophagy.^[@bib53]^ Sestrin-1 and sestrin-2 are two targets of DRAM, whose expressions are usually induced upon DNA damage and oxidative stresses, thus being considered to be p53-mediated tumor expression through an mTORC1 signaling.^[@bib54]^ Cytoplasm p53 can inhibit autophagy without the assistance of its role as a transcriptional factor. In addition, p53 can activate pro-apoptotic members of Bcl-2 family such as Bax, Noxa and PUMA, which are involved in the permeabilization of the outer mitochondrial membrane.^[@bib55]^ Moreover, the acetylated tumor suppressive FoxO1 can bind to ATG7, which is an important regulator in autophagosome expansion, and the FoxO1/ATG7 complex may impact autophagy in human colon cancer HCT116 cells or in HeLa cells.^[@bib56]^ X-box binding protein 1u (XBP1u) has a critical role in FoxO1 degradation by recruiting FoxO1 to the 20S proteasome. Moreover, the phosphorylation of XBP1u by MAPK1/3 has been found to be essential for the enhancement of the interaction between XBP1u and FoxO1 ([Figure 3](#fig3){ref-type="fig"}).^[@bib57]^

Oncogenic and Tumor Suppressive miRNAs in Autophagy
===================================================

Oncogenic miRNAs in autophagic pathways
---------------------------------------

miRNAs, non-coding RNA molecules with 18--25 nucleotides in length, are estimated to regulate about 30% human gene expression at both the post-transcriptional and the translational levels.^[@bib58]^ MiR-18a potentially regulates ataxia telangiectasia mutated (ATM) that can upregulate autophagic process, and the impact of miR-18a on autophagy and ATM expression has recently been revealed in HCT116 colon cancer cells. Overexpression of miR-18a in HCT116 cells is found to enhance autophagy and ionize radiation-induced autophagy, as well as leading to the increase of ATM and suppression of mTORC1 activity. Therefore, the fact that miR-18a can regulate autophagy and ATM gene expression in colon cancer cells reveals a novel function for miR-18a in a critical cellular event and on a crucial gene with significant impacts in cancer development, progression and treatment.^[@bib59]^ The overexpression of miR-181a can result in the attenuation of starvation-induced and rapamycin-induced autophagy in MCF-7, Huh-7 and K562 cells. Indeed, the cellular level of ATG5 can decrease upon miR-181a overexpression and increase following some antagomirs, thereby revealing that ATG5 is identified as a miR-181a target.^[@bib60]^ In addition, the level of miR-199a-5p is found to be significantly reduced in HCC patients treated with cisplatin-based chemotherapy, as the forced expression of miR-199a-5p can promote cisplatin-induced inhibition of cell proliferation. In addition, cisplatin treatment can activate autophagy in Huh-7 and HepG2 cells. Further, the downregulation of miR-199a-5p can enhance autophagy activation by targeting ATG7.^[@bib61]^ MiR-221/222 may inhibit the cell cycle inhibitor p27^Kip1^, a downstream modulator of PI3KCI/Akt, leading to autophagic cell death in HER2/neu-positive primary human breast carcinoma MCF-7 cells, and the ectopic expression of miR-221/222 is found to render the parental MCF-7 cells resistant to tamoxifen. Thus, a relationship has been established between miR-221/222 expression and HER2/neu overexpression in breast cancers that are generally resistant to tamoxifen therapy.^[@bib62]^ Both ATG4C and Beclin-1 have been identified as cellular targets of miR-376b. Upon the overexpression of the miRNA, mRNA and protein levels of ATG4C and Beclin-1 decrease in MCF-7 and Huh-7 cells. Antagomir-mediated inactivation of the endogenous miR-376b can lead to an increase in levels of ATG4C and Beclin-1 ([Figure 3](#fig3){ref-type="fig"}).^[@bib63]^

Tumor suppressive miRNAs in autophagic pathways
-----------------------------------------------

ATG7 is a potential target for miR-17, and this tumor suppressive miRNA can negatively regulate ATG7 expression, resulting in a modulation of the autophagic status in T98G glioblastoma cells. Interestingly, anti-miR-17 administration can activate autophagy through autophagosome formation, which is resulted by LC3B and ATG7 protein expression increase in living cells.^[@bib64]^ Overexpression of miR-23b inhibits radiation-induced autophagy, whereas an inhibitor of miR-23b promotes autophagy in pancreatic cancer cells. In addition, overexpression of miR-23b can sensitize pancreatic cancer cells to radiation. The target of miR-23b, ATG12, has been found to be overexpressed in radioresistant cells; levels of ATG12 correlate with the occurrence of autophagy.^[@bib65]^ Autophagic activity in cancer cells may also increase after cis-dichloro-diamine platinum (cis-DDP) or Taxol treatment, as indicated by the enhanced expression of Beclin-1. The forced expression of miR-30a significantly reduces Beclin-1 and the autophagy activity of tumor cells induced by cis-DDP. Thus, miR-30a can sensitize tumor cells to cis-DDP via reducing Beclin-1-mediated autophagy and that increasing miR-30a level in tumor cells represents a novel approach to enhance the efficacy of chemotherapy during cancer treatment.^[@bib66]^ The tumor suppressive miR-101 can act as a potent inhibitor of basal autophagy, and three novel miR-101 targets such as Stathmin 1 (STMN1), Ras-related protein Rab-5A (RAB5A) and ATG4D have been identified.^[@bib67]^ STMN1 overexpression will partially rescue cells from miR-101-mediated inhibition of autophagy, indicating a functional importance of this target. In an *in vivo* tumor setting, progressive loss of miR-101 can contribute to elevated levels of autophagy in cancer cells, enabling long-term tumor cell survival by allowing them to cope with metabolic stress and promoting eventual regrowth following treatment.^[@bib68]^ MiR-130a can directly regulate ATG2B, the downregulation of whose expression can be transfected with miR-130a in chronic lymphocytic leukemia (CLL). ATG2B can then interact with ATG2A and WDR45, and miR-130a is involved in autophagy and cell survival in CLL cells by regulating maturation.^[@bib69]^ Additionally, the role of tumor suppressive miR-204 in autophagy regulation was initially recognized in cardiomyocytes and further confirmed in renal cell carcinoma (RCC) via LC3B.^[@bib70]^ The overexpression of miR-204 can arrest subcutaneous tumor growth relative to a control miRNA with a mutated seed sequence and are rescued upon re-expression of LC3B lacking the 3′-untranslated region (3\'UTR). Thus, a negative correlation between LC3B and miR-204 is shown in RCC. Interestingly, the regulation of miR-204 in autophagy and cytotoxity occurs only when the von Hippel-Lindau tumor-suppressor gene (VHL) is absent.^[@bib71]^ MiR-375 has a predominantly inhibitory role in autophagy activation by attenuating the protective role of autophagy by targeting ATG7, ATG4D, STMN1 and RAB5A in HCC. Moreover, miR-375, normally downregulated in HCC when exogenously expressed, can inhibit autophagy in response to hypoxia by targeting ATG7, reducing the conversion of LC3-I to LC3-II. In mice, xenograft tumors that express miR-375 have fewer autophagic cells, larger areas of necrosis and grow more slowly than tumors from HCC cells that express lower levels of miR-375 ([Figure 3](#fig3){ref-type="fig"}).^[@bib72]^

Autophagic Network as a Cancer Therapeutic Target
=================================================

Autophagy-modulated drugs targeting oncogenic pathways
------------------------------------------------------

Rapamycin, a well-known inducer of mTORC1-dependent autophagy, is used as an antitumor agent in malignant glioma and breast cancer cells via binding to mTORC1 by forming a complex with FKBP12, thus preventing interaction between mTORC1 and its kinase substrates.^[@bib73]^ Because of significant therapeutic effects of rapamycin, its synthetic analogues including temsirolimus (CCI-779), everolimus (RAD001) and deforolimus (AP23573) are developed.^[@bib74]^ Temsirolimus can exert an antitumor effect by inducing autophagy in malignant glioma and breast cancer cells or by causing the downregulation of p21 to induce autophagy in mantle-cell lymphoma cells.^[@bib75]^ Additionally, everolimus can induce autophagy by enhancing the antitumor effect of the oncolytic adenovirus Delta-24-RGD in ovarian cancer cells.^[@bib76]^ Some autophagy activators such as perhexiline, niclosamide, amiodarone and ROT have also been identified to promote autophagy by inhibiting the function of mTORC1 in cancers under nutrient-rich conditions without blocking mTORC2.^[@bib77]^ Sorafenib, a multiple tyrosine kinase inhibitor, can induce the accumulation of autophagosome, thereby inhibiting the mTORC1 pathway in HCC.^[@bib78]^ The autophagic inducer, AZD8055, an ATP-competitive inhibitor of mTOR, can potently block phosphorylation of mTORC1 substrates as well as Akt in order to suppress tumor growth in mice by inducing autophagy.^[@bib79]^ In lung cancer cells, sulindac sulfide amide (SSA), a N,N-dimethylethyl amine derivative of sulindac sulfide, can display potent tumor cell growth-inhibitory activity by inhibiting Akt/mTOR signaling.^[@bib80]^ And, tricribine can induce autophagy through dephosphorylation of Akt and inhibition of mTORC1 in T-cell acute lymphoblastic leukemia.^[@bib81]^ In human prostate cancer cells, phenethyl isothiocyanate (PEITC) can suppress the phosphorylation of both Akt and mTOR, which are implicated in regulation of autophagy.^[@bib82]^ Tetrahydrocannabinol (THC) induces cancer cell death through activation of autophagy via enhancing the ER stress that activates autophagy via inhibition of Akt and mTORC1.^[@bib83]^ Moreover, the treatment of cancer cells with the ER stress-inducing drug nelfinavir can result in the expression of endogenous mTOR inhibitor sestrin-2, and transient overexpression of ectopic sestrin-2 may lead to mTOR inhibition and autophagy, confirming a link among ER stress, sestrin-2 up-regulation and mTOR inhibition.^[@bib84]^ The upregulation of sestrin-2 can also occur in cells treated with the proteasome inhibitor bortezomib.^[@bib84]^

A new class of PI3K inhibitors with multiple-target abilities has been uncovered. Perifosine can exhibit the antitumor activity in various cancers and this activity is partly associated with its ability to inhibit mTORC1 through PI3KCI-Akt signaling.^[@bib85]^ The imidazo\[4,5-*c*\]quinoline derivative NVP-BEZ235 inhibits PI3K and mTOR activities by binding to the ATP-binding cleft of both enzymes, thereby leading to the induction of autophagy in glioma cells.^[@bib86]^ PI103, a potent inhibitor of PI3KCI, Akt and mTORC1 can lead to autophagy enhancement and inhibit the proliferation and invasion of a wide variety of cancer cells.^[@bib87]^ Acting as a central nervous system stimulant, caffeine is known to inhibit the kinase activity of some proteins, mainly dependent on the PI3KCI-Akt-mTORC1 signaling pathway.^[@bib88]^ Two downstream kinases of PI3KCI, Akt and mTORC1, can be suppressed by resveratrol, resulting in an increase in both GFP-LC3 puncta and LC3-II levels.^[@bib89],\ [@bib90]^ Dexamethasone is another potent synthetic member of the glucocorticoid family, which may inhibit Akt phosphorylation and PI3KCI-mTORC1 in acute lymphoblastic leukemia (ALL).^[@bib91]^ Ophiopogonin B (OP-B), a bioactive component of Radix Ophiopogon Japonicus, is a prospective inhibitor of PI3K/Akt in non-small cell lung cancer (NSCLC) cells.^[@bib92]^

Imatinib (Gleevec) is a powerful drug in the treatment of CLL and other malignancies that can inhibit the chronic myelogenous leukemia-specific tyrosine kinase BCR-ABL by binding to its ATP-binding site.^[@bib93]^ Dasatinib, another tyrosine kinase inhibitor of BCR-ABL, can enhance the therapeutic effect of chemotherapy by inducing autophagic cell death in glioma cells.^[@bib94]^ By preventing the tyrosine kinase activity of EGFR, two tyrosine kinase inhibitors including gefitinib and erlotinib have been developed for the treatment of NSCLC. Both gefitinib and erlotinib can activate autophagy to arrest tumor growth both *in vitro* and *in vivo.*^[@bib95]^ Lapatinib is another tyrosine kinase inhibitor that can target EGFR for the treatment of various solid tumors, including breast, head, colon, prostate and stomach cancers ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}).^[@bib96]^

Autophagy-modulated drugs targeting tumor suppressive pathways
--------------------------------------------------------------

Tamoxifen, a well-recognized antitumor drug for breast cancer treatment, can increase the level of Beclin-1 to stimulate autophagy.^[@bib97]^ The BH3 mimetic ABT-737 can specifically decrease the interaction between Bcl-2 and Bcl-XL with the BH3 motif of Beclin-1 and then stimulate the Beclin-1-dependent activation of PI3KCIII.^[@bib98]^ As a chemotherapeutic vitamin D analog, EB1089 may trigger and induce Beclin-1-dependent autophagy in MCF-7 cells.^[@bib99]^ Spautin-1 promotes the degradation of PI3KCIII/Vps34 complexes by inhibiting two ubiquitin-specific peptidases, USP10 and USP13, as well as targeting the Beclin-1 subunit of Vps34 complexes.^[@bib100]^ Xestosponging B can disrupt Beclin-1 through an indirect link established by Bcl-2.^[@bib101]^ RAD001, known as an mTORC1 inhibitor, can increase Beclin-1 expression to induce autophagy in leukemia.^[@bib102]^ In addition, L-Securinine has an antitumor effect against colon cancer SW480 cell by inducing autophagy in SW480 cell *in vitro*, which is related with the upregulation of Beclin-1.^[@bib103]^ Moreover, chloroquine, 3-MA, wortmannin and LY294002 have been widely used as autophagic inhibitors.^[@bib104],\ [@bib105]^ Wortamannin is a microbial secondary metabolite that can irreversibly inhibit PI3KCIII through covalent binding, whereas LY294002 is a morpholine derivate of quercetin binding to PI3KCIII, which is less potent than wortmannin ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}).^[@bib104],\ [@bib105]^

Chloroquine and hydroxychloroquine can inhibit autophagy induced by p53-controlled apoptosis in Myc-driven lymphoma and augmented the anticancer activity of cyclophosphamide.^[@bib106]^ 3-MA can cause autophagic/lysosomal protein degradation, and thus inhibiting PI3KCIII, whereas paclitaxel can increase p53 expression before the regulation of LC3B, thus inhibiting autophagic induction.^[@bib107]^ Another attractive strategy is the combined inhibition of autophagy and the proteasome-two processes which are thought to be partly complementary. Proteasome inhibition induces autophagy and autophagy inhibition leads to the accumulation of poly-ubiquitinated proteins.^[@bib108]^ Sulphathiazole and sulphacetamide can overexpress critical genes involved in autophagy such as p53 and DRAM in T-47D breast cancer cells ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}).^[@bib109]^

Conclusions
===========

As an evolutionary conserved lysosomal degradation process, autophagy may play the Janus role by regulating some oncogenes (e.g., PI3KCI, Akt, mTORC1, Ras, Raf and BCR-ABL) or other tumor suppressors (e.g., Beclin-1, p53, FoxO1 and BNIP-3), which is implicated in autophagic relevant pathways to jointly seal the fate of cancer cell. Intriguingly, several miRNAs can modulate some oncogenic and tumor suppressive pathways, thus having their negatively regulatory roles in the autophagic process ([Figure 4a](#fig4){ref-type="fig"}).

However, these oncogenic and tumor suppressive autophagic pathways involved in miRNA regulation could be integrated into the 'dynamic\' autophagy network, as they have distinctive roles in survival and death at each cancer stage, such as CSC stage (i.e., PI3KCI/Akt/mTORC1 and Bcl-2/Bcl-X~L~), initiation and progression (i.e., PI3KCI-Akt-mTORC1, cytoplasmic p53, FIP200, Ras and BCR-ABL; nucleus p53, Beclin-1, UVRAG, Bif-1 and FoxO), invasion and metastasis (i.e., HMGB1, MAPKs and PAK) and dormancy (i.e., ARHI, PI3KCI-Akt-mTORC1 and MAPKs). Hitherto, accumulating evidence demonstrates that some oncogenic and tumor suppressive miRNAs may regulate the autophagic pathways involved in mTORC1 cascade, Beclin-1, p53 and other autophagic components. Thus, unraveling the roles of miRNAs would be crucial for understanding of the importance of miRNA regulation of autophagy in cancer ([Figure 4b](#fig4){ref-type="fig"}).

The best hope for cancer therapeutics may lie in discovering candidate small-molecule drugs targeting oncogenic or tumor suppressive autophagic pathways and even the entire autophagic network (multiple-target strategy), rather than the individual gene or protein (single target). The idea of multitarget attacks is not new, as the first formal advocate of the multitarget concept might be the military strategist Carl von Clausewitz, who argued that the strategy should aim at the enemy\'s forces, resources, and their will to fight, instead of simultaneously striving for a successful single battle.^[@bib110]^ On the basis of this point, elucidating survival or death mechanisms of autophagy would be a promising avenue for discovering more novel drugs targeting the oncogenic and tumor suppressive autophagic network.
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:   activating molecule in Beclin-1-regulated autophagy protein 1

AMPK

:   AMP-activated protein kinase

ARHI

:   aplasia Ras homolog member I

ATG

:   autophagy-related

ATM

:   ataxia telangiectasia mutated

Bif-1

:   Bax-interacting factor-1

CMA

:   chaperone-mediated autophagy

cis-DDP

:   cis-dichloro-diamine platinum

CLL

:   chronic lymphocytic leukemia

CML

:   chronic myeloid leukemia

CSC

:   cancer stem cell

DRAM1

:   damage-regulated autophagy modulator 1

CTL

:   cytotoxic T-lymphocytes

ECM

:   extracellular matrix

ER

:   endoplasmic reticulum

FIP200

:   focal adhesion kinase family interacting protein of 200 kDa

FoxO

:   Forkhead box O protein

FTI

:   farnesyl transferase inhibitor

GSC

:   glioma stem cell

HCC

:   hepatocellular carcinoma

HMGB1

:   high-mobility group box protein1

JNK

:   c-jun NH2 terminal kinase

LCSC

:   liver cancer stem cell

MAPK

:   mitogen-activated protein kinase

miRNA

:   microRNA

mTOR

:   mammalian target of rapamycin

NSCLC

:   non-small cell lung cancer

OP-B

:   Ophiopogonin B

PCD

:   programmed cell death

PDCD4

:   programmed cell death protein 4

PEITC

:   phenethyl isothiocyanate

PKC-*δ*

:   protein kinase C-delta

PUMA

:   the p53 upregulated modulator of apoptosis

RAB5A

:   Ras-related protein Rab-5A

ROS

:   reactive oxygen species

ROT

:   Rottlerin

RCC

:   renal cell carcinoma

SSA

:   sulindac sulfide amide

STMN1

:   Stathmin 1

THC

:   Tetrahydrocannabinol

UVRAG

:   UV irradiation resistance-associated gene

VHL

:   von Hippel-Lindau tumor-suppressor gene

XBP1u

:   X-box binding protein 1u
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![The autophagic process involved in miRNAs. The autophagic process can generally be divided into the following five stages: induction, vesicle nucleation, vesicle elongation and completion, docking and fusion as well as degradation and recycling. MiRNAs, mainly playing the negatively regulators, can impede different steps of the autophagy process. (**a**) Autophagy induction (miR-18a, miR-101, miR-106a and miR-885-3p); (**b**) vesicle nucleation (miR-30a, miR-376b, miR-519a, miR-374a and miR-630); (**c**) vesicle elongation and completion (miR-519a, miR-30a, miR-181a, miR-374a, miR-885-3p, miR-101, miR-376b, miR-199a-5p, miR-375, miR-204 and miR-630); (**d**) docking and fusion (miR-34)](cddis2013422f1){#fig1}

![Autophagy and cancer cell. (**a**) Oncogenic autophagic pathways at CSC stage (e.g., PI3KCI-Akt-mTORC1 and Bcl-2/Bcl-X~L~); (**b**) oncosuppressive autophagic pathways at cancer initiation and progression stages (e.g., PI3KCI-Akt-mTORC1, cytoplasm p53, FIP200, NF-*κ*B, Ras and BCR-ABL; nucleus p53, Beclin-1, UVRAG, Bif-1 and FoxO); (**c**) oncosuppressive autophagic pathways at cancer invasion and metastasis stages (e.g., HMGB1, MAPKs and PAK); (**d**) oncogenic autophagic pathways at cancer dormancy stage (e.g., PI3KCI and ARHI)](cddis2013422f2){#fig2}

![Oncogenic and tumor suppressive autophagic pathways involved in miRNAs. Autophagic pathways include several oncogenic pathways, such as PI3KCI/Akt/mTORC1 signaling pathway, Ras-Raf-MAPK cascade and BCR-ABL as well as other tumor suppressive pathways, for example, Beclin-1 complexes and p53 signaling. Moreover, some oncogenic miRNAs such as miR-18a, miR-106a, miR-181a, miR-199a-5p, miR-221/222 and miR-376b, as well as tumor suppressive miRNAs including miR-9\*, miR-30a, miR-34a, miR-101, miR-130a, miR-204 and miR-375 may have their key roles in the regulation of the aforementioned autophagic pathways in cancer](cddis2013422f3){#fig3}

![The balance between oncogenic and tumor suppressive autophagy in drug discovery. (**a**) Conflicting effects of autophagy on cancer: (a) when there are more oncogenes and fewer tumor suppressors, cytoprotective autophagy may occur and thus leading to cancer cell survival; (b) when there are more tumor suppressors and fewer oncogenes, autophagic death may occur and thus culminating in cancer cell demise; (**b**) oncogenic and tumor suppressive autophagic pathways as drug targets: (a) mTORC1/mTORC2; (b) PI3KCI/Akt; (c) Ras/Raf/MAPKs; (d) BCR-ABL (indicated in red); (a) PI3KCIII/Beclin-1complex; (b) p53; (c) FoxO1; (d) BNIP-3 (indicated in green)](cddis2013422f4){#fig4}
